JL. Vagus nerve stimulation mitigates intrinsic cardiac neuronal remodeling and cardiac hypertrophy induced by chronic pressure overload in guinea pig. Am J Physiol Heart Circ Physiol 310: H1349 -H1359, 2016. First published March 18, 2016 doi:10.1152/ajpheart.00939.2015.-Our objective was to determine whether chronic vagus nerve stimulation (VNS) mitigates pressure overload (PO)-induced remodeling of the cardioneural interface. Guinea pigs (n ϭ 48) were randomized to right or left cervical vagus (RCV or LCV) implant. After 2 wk, chronic left ventricular PO was induced by partial (15-20%) aortic constriction. Of the 31 animals surviving PO induction, 10 were randomized to RCV VNS, 9 to LCV VNS, and 12 to sham VNS. VNS was delivered at 20 Hz and 1.14 Ϯ 0.03 mA at a 22% duty cycle. VNS commenced 10 days after PO induction and was maintained for 40 days. Time-matched controls (n ϭ 9) were evaluated concurrently. Echocardiograms were obtained before and 50 days after PO. At termination, intracellular currentclamp recordings of intrinsic cardiac (IC) neurons were studied in vitro to determine effects of therapy on soma characteristics. Ventricular cardiomyocyte sizes were assessed with histology along with immunoblot analysis of selected proteins in myocardial tissue extracts. In sham-treated animals, PO increased cardiac output (34%, P Ͻ 0.004), as well as systolic (114%, P Ͻ 0.04) and diastolic (49%, P Ͻ 0.002) left ventricular volumes, a hemodynamic response prevented by VNS. PO-induced enhancements of IC synaptic efficacy and muscarinic sensitivity of IC neurons were mitigated by chronic VNS. Increased myocyte size, which doubled in PO (P Ͻ 0.05), was mitigated by RCV. PO hypertrophic myocardium displayed decreased glycogen synthase (GS) protein levels and accumulation of the phosphorylated (inactive) form of GS. These PO-induced changes in GS were moderated by left VNS. Chronic VNS targets IC neurons accompanying PO to obtund associated adverse cardiomyocyte remodeling.
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NEW & NOTEWORTHY

The major findings of this study are that reactive vagus nerve stimulation targets autonomic (intrinsic) cardiac neurons to mitigate the sympathoexcitation accompanying pressure overload to alter myocyte energetics and prevent the associated adverse myocardial remodeling.
AUTONOMIC CONTROL OF THE HEART is mediated by complex interactions throughout the peripheral and central components of the cardiac neuraxis (11, 27, 62) . Neural activity within the intrathoracic autonomic ganglia is influenced by afferent and preganglionic efferent inputs as processed by local circuit neurons therein, with subsequent modulation of postganglionic efferent outflows to all regions of the heart (11, 14) . As a consequence, the cardiac neuraxis can be considered a potential target for bioelectric neuromodulation strategies to treat select cardiac pathologies (19, 21, 23, 49, 61) . We have demonstrated that select pathologies are associated with timedependent changes in its intrinsic cardiac (IC) component (30, 32, 37) . For example, for states of chronic pressure overload (PO), myocyte hypertrophy results in altered neural control associated with enhanced numbers of nitric oxide synthaseimmunoreactive IC neurons, along with increased density of mast cells in the IC nervous system (ICNS) (30) . The neurohumoral remodeling associated with PO is further indicated by the effects of chronic ␤-blockade (e.g., timolol), which inhibits the synergism between angiotensin II and norepinephrine (NE) to increase IC neuronal excitability and to likewise reduce synaptic efficacy within the IC neuronal network (34) . The therapeutic efficiency of pharmacological (␤-adrenergic receptor blockers, angiotensin-converting enzyme inhibitors, and angiotensin receptor blockers) and bioelectric manipulations of the ICNS is pronounced, especially during dynamic states of disease progression (15, 33, 34) .
Alterations in sensory transduction are central to the reflex adaptations in the cardiac nervous system in response to cardiac pathology (3, 13, 58) . Alterations in sensory inputs arising from cardiac and cardiovascular afferent neurons transducing PO are reflected in central-mediated reflex sympathoexcitation coupled with a corresponding reduction in central neuronal drive of cardiac parasympathetic efferent neurons (38, 62) . Bioelectric therapy directed at the cervical vagus has the potential to impact multiple levels of the hierarchy for cardiac control via its activation of ascending (afferent) and descending (efferent) axons (8, 43, 59) . Bioelectric activation of afferent fibers impacts central drive for sympathetic and parasympathetic nervous systems (5, 8) . Electrical activation of preganglionic parasympathetic fibers can impact sympatheticparasympathetic interactions mediated within IC ganglia (14, 28, 46, 51) and at the end effectors of the heart (43, 44, 53) . It is the dynamic interplay between central and peripheral reflex control that ultimately determines functional neural regulation of regional cardiac function (11) .
Since central parasympathetic outflow is reduced as a compensatory response to chronic cardiac insults (25, 27, 62) , we hypothesize that restoration of biomimetic levels of "central" parasympathetic drive via cervical vagus nerve stimulation (VNS) mitigates adverse remodeling of the ICNS evoked in reflex response to PO. We propose that cardiomyocytes are rendered "stress-resistant" due, in part, to attenuation of excessive sympathetic drive to IC neurons and cardiac end effectors. We further propose that VNS will stabilize peripheral reflex processing by limiting adverse remodeling of synaptic efficacy within the ICNS. Finally, we propose that VNS imparts changes in myocyte metabolic function in response to alterations in neural inputs. To mechanistically evaluate this hypothesis, we studied IC neuronal and cardiac function in response to chronic PO of the left ventricle (LV) to determine how VNS impacts 1) passive and active membrane properties of the ICNS, such that 2) cardiac hemodynamics are maintained, even in the face of a sustained afterload stressor.
MATERIALS AND METHODS
All procedures were approved by the Institutional Animal Care and Use Committee of East Tennessee State University and were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (8th ed., National Academy Press, Washington, DC, 2010).
Implantation of VNS Systems
Male Hartley guinea pigs (n ϭ 48, 500 -650 g body wt, 9 wk of age; Charles River) were implanted with bipolar VNS electrodes connected to a pulse generator. Under aseptic conditions, animals were pretreated with atropine (0.1 mg/kg sc) and ketamine (80 mg/kg ip). Thereafter, anesthesia was induced with 3% isoflurane via an induction chamber (VetEquip, Pleasanton, CA). Upon removal of the animals from the induction chamber, 2.5% isoflurane was delivered via a conical nose cone (VetEquip) until responses to hindlimb toe pinch stimuli were absent. After endotracheal intubation, mechanical ventilation was initiated and maintained with a positive-pressure ventilator (model SAR-830/P, IITC Life Science, Woodland Hills, CA) using 100% O 2. Anesthesia was maintained with isoflurane (1-3%). Core body temperature was maintained at 38.5°C via a circulating-water heating pad. Buprenorphine (0.05 mg/kg sc) was administered preoperatively.
After anesthesia induction, a midline incision was made in the ventral neck. The right or left vagus nerve and the adjacent carotid arteries were identified and isolated, and a bipolar VNS electrode (PerennialFlex, Cyberonics) was positioned around that artery-nerve complex. The leads were secured in place and tunneled to a subcutaneous pocket created over the dorsal aspect of the back, where the implantable VNS pulse generator (Demipulse, model 103, Cyberonics) was positioned. The incisions were closed in layers. Subsequent postoperative care included buprenorphine (0.05 mg/kg sc as needed) and cefazolin (30 mg/kg im) administered for 7 days. The pulse generator remained inactive during the recovery period (ϳ2 wk duration).
Animal Identification
At the time of VNS system implantation, a 12-gauge needle was used to place a microchip (AVID MicroChip ID Systems, Folsom, LA) into the interscapular subcutaneous space. A MiniTracker (AVID MicroChip ID Systems) scanner was passed over the implant site to detect the identification number assigned to each animal.
Induction of Chronic PO
PO was induced 2 wk after implantation of the VNS stimulator. The anesthetic regimen described above for VNS implantation under aseptic surgical techniques was used to perform a left thoracotomy in the second-third intercostal space to expose the descending thoracic aorta. A 3-0 surgical ligature tied around a metal tube (1-2 mm external diameter and ϳ1 cm long, made from an 18-gauge needle) placed adjacent to the descending aorta was used to produce uniform constriction of the thoracic aorta. After suture placement to produce the aortic constriction, the metal tube was removed. After placement of a flexible chest tube into the chest cavity and closure of the rib space, local musculature and subcutaneous tissues were closed with absorbable sutures; the skin was closed with nonabsorbable sutures. Once the chest was closed, residual air was withdrawn via the chest tube, the chest tube was removed, and spontaneous ventilation was reinstituted. Postoperative care included administration of buprenorphine (0.05 mg/kg sc) as needed and cefazolin (30 mg/kg im) once per day for the next 7 days. Animals were maintained for (on average) 50 days after PO induction. In this group of PO animals, 17 with PO induction demonstrated clinical signs of pulmonary congestion within a few days; these animals were euthanized within 0 -2 days of PO onset and were not included in subsequent data accumulation.
Neuromodulation Therapy
In 19 of these animals, active VNS therapy was initiated 10 days following PO induction: 10 were treated with right-sided [right cervical vagus (RCV)] VNS and 9 with left-sided [left cervical vagus (LCV)] VNS. These groups are designated RCV-PO and LCV-PO, respectively. The parameters chosen for VNS therapy were close to the neural fulcrum, where we previously demonstrated that any effects on heart rate (HR) are minimized by the combined effects on VNS on afferent and efferent axonal stimulation within the cervical vagosympathetic complex (8, 15) . Continuous cyclic VNS therapy was delivered at a pulse frequency of 20 Hz, 250-s pulse duration, and 22.5% duty cycle (14 s on-phase and 48 s off-phase). The average current intensity was 1.13 Ϯ 0.04 mA for RCV and 1.17 Ϯ 0.06 mA for LCV. The intensity of stimulation elicited by VNS therapy was limited in the guinea pig over time by its effects on water and/or food intake. In those animals that did not exhibit bradycardia, attempts to further increase stimulus intensity resulted in loss of body weight. In 12 of the animals the VNS system implant remained inactive throughout the 50-day chronic PO induction (sham treatment control group). Timematched controls (n ϭ 9) were also evaluated concurrently with the PO models.
Cardiac Indexes
After sedation with isoflurane (1-2% via nose cone), short-axis echocardiograms were used to determine LV internal diameter at end systole and end diastole, along with estimated LV volume, such that stroke volume could be estimated. These data, along with HR data, were used to derive cardiac output for each animal in the initial and final stages of each experiment. As such, these indexes were determined prior to PO and/or VNS implant, as well as at 50 days after PO just prior to the terminal experiment.
After completion of the echocardiogram, the isoflurane dose was increased to 2.5% until responses to hindlimb toe pinch stimuli were absent. After endotracheal intubation, mechanical ventilation was initiated and maintained with a positive-pressure ventilator (model SAR-830/P, IITC Life Science) using 100% O2. The right carotid artery was isolated, and a 2-Fr pressure-volume catheter connected to a pressure-volume loop single-segment system (MPVS, Millar Instruments, Houston, TX) was inserted into it and advanced to the LV. From this catheter, indexes of LV performance, including LV systolic pressure, LV end-diastolic pressure, and rate of change of LV developed pressure (LV ϩdp/dt and LV Ϫdp/dt) were determined, along with basal HR.
Terminal Experiments
After echocardiographic and LV hemodynamic analyses, animals were euthanized via CO2 inhalation. The heart and lungs were removed rapidly and placed into ice-cold Krebs-Ringer solution (mM: 121 NaCl, 5.9 KCl, 2.5 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, 25 NaHCO3, and 8 glucose) aerated with 95% O2-5% CO2 to achieve pH 7.4. Hearts were weighed, and lungs were dried at 37°C and weighed (dry lungs). The IC nerve plexus, located in the epicardium of dorsal atrial walls, was dissected free of other tissues and placed in a tissue bath, so that the tissues could be continuously superfused (6 -8 ml/min) with 35-37°C Krebs-Ringer solution.
Preparation of Guinea Pig Heart Homogenates and Western Blots
The ventricles from time-matched control, PO, LCV-PO, and RCV-PO guinea pigs were removed and briefly washed in ice-cold PBS to remove blood, and the LV was removed, flash-frozen, and ground into a fine powder using a liquid nitrogen-jacketed mortar and pestle. The frozen heart powder was homogenized in RIPA buffer [50 mM Tris·HCl, pH 7.4 (Calbiochem, Darmstadt, Germany), 1% Triton X-100 (Fisher, Fair Lawn, NJ), 1% (wt/vol) sodium deoxycholate (Fisher), 0.1% (wt/vol) SDS (EMD, Billerica, MA), and 1 mM EDTA (Fisher)] with 1:100 (vol/vol) protease inhibitor cocktail mix (Sigma, St. Louis, MO). These homogenates were incubated on ice for 1 h and then centrifuged at 12,000 rpm at 4°C for 10 min. The supernatant was collected so that the following assays of tissues could be performed.
Protein quantification of lysates was performed on ventricular homogenates using the Pierce bicinchoninic acid protein assay kit (Thermo Scientific, Rockford, IL), according to the manufacturer's protocol. Protein samples were subjected to SDS-PAGE using Pierce Tris-HEPES-SDS precast 4 -20% polyacrylamide mini gels (Thermo Scientific). Proteins were transferred to polyvinylidene difluoride membranes (Bio-Rad Laboratories, Hercules, CA), and Ponceau S (Sigma) staining was used to ensure complete transfer and equal protein loading. Membranes were blocked in 5% nonfat dry milk (Bio-Rad Laboratories) in Tris-buffered saline (TBS) with 0.1% Tween 20 (TBS-T) for 1 h at room temperature.
Phosphorylated Bcl-2-associated death promoter (pBAD) and BAD were exposed to ventricular tissues incubated with rabbit monoclonal primary antibodies diluted 1:1,000 in TBS-T (Cell Signaling Technology, Danvers, MA): Bcl-2-associated X (BAX), Bcl-xL, and phosphorylated Akt (pAkt). Glycogen synthase (GS) and phosphorylated GS (pGS) were incubated with rabbit polyclonal primary antibodies diluted 1:1,000 in TBS-T (Cell Signaling Technology). Membranes were incubated in primary antibody at 4°C overnight. After incubation in primary antibody, the membranes were washed three times for 10 min each in TBS-T before incubation with 1:3,000 goat anti-rabbit horseradish peroxidase-conjugated secondary antibodies (EMD Millipore, Temecula, CA) for all the primary antibodies as described above at room temperature for 1 h. Membranes were washed three times in TBS-T for 10 min. Pierce SuperSignal West Pico chemiluminescence substrate (Thermo Scientific) was used for signal detection in the G:BOX imaging system (Syngene, Frederick, MD). ImageJ software (National Institutes of Health, Bethesda, MD) was used for densitometry of the protein bands.
Terminal Deoxynucleotide Transferase-Mediated Nick-End Labeling Assay
Ventricular tissue sections were deparaffinized gradually in xylene and ethanol and then fixed in 4% paraformaldehyde and embedded in paraffin (Fisher). Apoptotic guinea pig cardiomyocytes in ventricular tissues were assayed by terminal deoxynucleotide transferase-mediated nick-end labeling (TUNEL) using CardioTACS in situ detection kit (R & D Systems, Minneapolis, MN) according to the manufacturer's instructions. Thereafter, TUNEL-positive cardiomyocytes were counted throughout random fields of tissue (ϫ20; Nikon Eclipse TE2000s). ImageJ software was used for myocyte size determinations of paraffin sections stained with Masson's trichrome using standard procedures.
Neuronal Electrophysiological Methods
Neuronal transmembrane properties. Intracellular voltage recordings from IC neurons derived from explanted IC ganglia placed in 35-37°C Krebs-Ringer solution were obtained by impaling cells with 3 M KCl-filled glass micropipettes (40-to 80-M⍀ resistance) using an Axoclamp 2B amplifier (Molecular Devices). Data were collected, digitized, and analyzed using pClamp 10.2 (Molecular Devices). Individual neurons were used for data analysis if their resting membrane potential (RMP) was Ϫ40 mV or less and produced action potentials (APs) with an overshoot of Ն20 mV. Input resistance was determined using 0.1-and 0.2-nA pulses (500 ms). Neuronal soma excitability was monitored by observing the response to a series of long depolarizing current pulses (0.1-0.6 nA, 500 ms). The number of evoked APs vs. stimulus intensity was determined to assess relative changes in excitability. Afterhyperpolarization (AHP) durations were Values are means Ϯ SE; n, number of animals. PO, pressure overload; VNS, vagus nerve stimulation; LCV and RCV, left and right cervical vagus; LVSP, left ventricular (LV) systolic pressure; LVEDP, LV end-diastolic pressure; LV ϩdp/dt and LV Ϫdp/dt, rate of change of LV developed pressure; HR, heart rate. #P < 0.05 vs. RCV; *P Յ 0.05 vs. sham VNS. analyzed to determine the time to reach 50% of the amplitude from the peak of the AHP to the RMP. For each cell, after characterization of the basic electrophysiological properties, induced changes in the number of evoked APs by depolarizing pulses were again assessed immediately following a 1-to 2-s application of NE (10 Ϫ3 M; Sigma) or bethanechol (a muscarinic agonist, 10 Ϫ3 M; Sigma). Drugs were applied by local pressure ejection (6 -9 psi; Picospritzer, General Valve) through small-tipdiameter (5-10 m) glass micropipettes positioned 50 -100 m from the individual neuron. For multiple tests of responses in the same cell, the cells were allowed to remain in the circulating Krebs solution for several minutes between applications, until the responses returned to control levels.
Neuronal synaptic efficacy. To activate synaptic inputs to investigated neurons, a bipolar concentric electrode was placed on nerve bundles connected to the ganglion containing the neuron of interest. Orthodromic responses to fiber tract stimulation (0.1-10 V, 1-ms duration) were assessed by studying 1) the ability of axonal activation to generate an excitatory postsynaptic potential and/or 2) the presence of a time delay between the stimulus artifact and a neuronal response. Suprathreshold stimuli leading to APs were then applied in 2-s trains at varying frequencies (5, 10, 20, and 30 Hz). The number of APs produced by the neuron of interest at each stimulus frequency was assessed.
Statistical Analysis
Cardiac indexes recorded in the control, PO, and different therapy states were analyzed via ANOVA to compare changes induced among different animal groups compared with baseline conditions, as well as Values are means Ϯ SE; n, number of neurons. RMP, resting membrane potential; AHP, afterhyperpolarization. *Significant effect (P Ͻ 0.05) vs. other groups (by ANOVA). among groups. The Holm-Sidak method was used for all pair-wise post hoc multiple comparisons. As neuronal activity was not normally distributed when analyzed using a Shapiro-Wilk test, a nonparametric Friedman's test was utilized at the ordinal level followed by post hoc Wilcoxon's signed-rank tests with Bonferroni's correction to determine differences in neural data obtained in the different study groups. A Shapiro-Wilk test showed data depicting HR and LV pressure indexes (Table 1 ) and tissue weights (Table 2) , along with neuronal transmembrane properties (Table 3 ) and synaptic properties (see Fig. 3 ), as well as myocyte structure (see Fig. 5 ) and function (see , to be continuous and normally distributed. These data were analyzed using a simple or a mixed-model ANOVA followed by a Newman-Keuls post hoc analysis. P Ͻ 0.05 was considered statistically significant. Statistical analyses were conducted using SigmaPlot 12 software.
RESULTS
Hemodynamic Indexes
Paired echocardiographic assessments, from baseline vs. time of termination (51.5 Ϯ 0.5 days after PO induction), demonstrated that LV diameters and volumes (systolic and diastolic) increased significantly in the untreated PO states (Fig. 1) . PO likewise was associated with significantly increased LV stroke volume and cardiac output. These PO-induced cardiac changes were minimized by application of chronic VNS, either RCV or LCV. In these three chronic PO groups, LV pressure measurement at termination further indicted that LCV differentially increased LV chamber systolic pressure and Ϯdp/dt relative to sham VNS or RCV (Table 1) .
In support of echocardiographic data, measurement of LV myocyte cross-sectional area confirmed the PO-induced hypertrophy (Fig. 2) . Note the doubling in myocyte size in the sham VNS group, a response that was mitigated by RCV, but not by LCV. In contrast to the myocyte cross-sectional area, no significant differences were found in heart (wet) and lung (wet and dry) weights as a percentage of body weight among treated groups (Table 2) . Table 3 . No significant differences in the amplitude of AHP or neuronal input resistances were identified among groups. However, cellular RMPs increased (became more negative) in neurons derived from PO animals subjected to RCV compared with controls or animals subjected to PO alone. AHP half-decay time also increased with RCV in the presence of PO compared with the other groups.
IC Neuronal Transmembrane Properties
The transmembrane potentials of IC neurons derived from controls and PO animals, as well as animals subjected to right (RCV-PO) vs. left (LCV-PO) VNS [including time-matched sham VNS (PO)] are summarized in
Functional excitability of somata, as assessed by measurement of the number of APs evoked in response to intracellular depolarizing current injection steps, was not significantly altered by PO alone or in response to chronic VNS (Fig. 3) . Across all groups, changes in IC neuronal sensitivity elicited by local NE application was less than that elicited by bethanecol. Soma excitability to muscarinic agonists was blunted by chronic RCV or LCV (Fig. 3, bottom) .
IC Neuronal Synaptic Efficacy
Input synaptic efficacy was evaluated by measuring IC neuronal responsiveness during stimulation of axon bundles associated with the ganglia containing these neurons of interest (Fig. 4) . Suprathreshold trains of stimuli (delivered for 2 s at 5, 10, 20, and 30 Hz) resulted in significantly greater output frequencies of neurons derived from PO animals than controls (Fig. 5, control) . While RCV restored this index to control values (Fig. 5, PO ϩ RCV) , LCV only showed a tendency to reduce the index.
Cardiomyocytes
Chronic PO alters cardiomyocyte structure and function ( Figs. 1 and 2 ). One aspect of this remodeling can involve changes in energy utilization (54) . GS protein levels were significantly depressed in PO tissue (Fig. 6) . Moreover, the ratio of the inactive pGS to the unphosphorylated GS was increased with PO. These changes are consistent with greater mobilization/utilization of glucose in the PO tissue. The changes in GS expression, induced by PO, were significantly mitigated by LCV, but not by RCV.
Apoptosis contributes to the transition from hyperdynamic hypertrophied myocardium to chronic heart failure and the potential for sudden cardiac death (27, 38) . The levels of pAkt, the active antiapoptotic form of the kinase, were significantly reduced in PO tissue (Fig. 7E) . Chronic LCV significantly blunted this effect of PO on pAkt levels compared with PO-sham VNS. BAX and Bcl-xL levels did not change significantly among the experimental groups (not shown). BAD protein levels were elevated in PO tissue. BAD phosphorylation status did not significantly differ among the experimental groups (Fig. 7B) . However, VNS led to significant reductions in gross BAD protein levels (Fig. 7C) . While circumstantial, these findings suggest that VNS may exert antiapoptotic effects on the stressed myocardium. This led us to evaluate the occurrence of apoptosis within the myocardium. Significantly more apoptotic nuclei were found in PO tissue than in control unstressed tissue (Fig. 8) . However, VNS had no significant effect on the numbers of myocytes undergoing apoptosis in response to PO stress. Fig. 3 . Muscarinic enhancement of neuronal excitability is mitigated with VNS. Evoked action potential (AP) frequencies in response to increasing intracellular stimulus intensities were evaluated concurrently with brief (1-s) local exposure to exogenous norepinephrine (NE) or bethanechol (Beth) in intrinsic cardiac (IC) somata derived from control animals and animals subjected to PO with and without chronic VNS (RCV or LCV). Animals were evaluated 50 days after PO induction. RCV or LCV was initiated 10 days after PO induction and was maintained to termination. Values are means Ϯ SE from ϳ60 cells for each condition. A nonparametric Friedman's test was used to evaluate difference among groups followed by Wilcoxon's signedrank post hoc tests using Bonferroni's correction. *P Ͻ 0.05, baseline (control, PO, PO ϩ RCV, or PO ϩ LCV) vs. Beth. ϩP Ͻ 0.05, NE vs. Beth. #P Ͻ 0.05, baseline (control, PO, PO ϩ RCV, or PO ϩ LCV) vs. NE. 
DISCUSSION
A critical benchmark for any interventional therapy applied in progressive cardiovascular pathology is ultimately its efficacy to preserve cardiac function, often in the presence of a sustained stressor. Aortic banding provides a model of chronic PO stress that remains throughout (30, 38) . From an echocardiographic perspective, the time point that was evaluated here reflected a hyperdynamic state characterized by a 34% increase in cardiac output with a corresponding increase in systolic and diastolic LV volumes. From a histomorphometric perspective, myocyte cross-sectional area doubled with PO. From an autonomic perspective, withdrawal of central parasympathetic drive coupled with reflex-mediated sympathoexcitation and concurrent activation of angiotensin II contributed to the adverse remodeling (24, 33, 34, 38) . This neurohumoral interplay represents an emerging target for therapeutics (19, 24, 25) . This study demonstrated that chronic VNS therapy directly targets the ICNS when appropriately applied, such that LV functional deterioration during the evolution of chronic LV PO is mitigated. Our data further indicate that mitigation of adverse PO-induced remodeling involves both myocyte-and neural-dependent mechanisms.
VNS and Cardioprotection
PO-induced heart failure is accompanied by changes in the ventricular metabolic profile, affecting, among other things, a shift to greater reliance on glucose that is associated with downregulation of fatty acid oxidation (54) . We found an increase in the ratio of inactive pGS to unphosphorylated GS during the evolution of chronic PO. To our knowledge, this is the first report of a change in GS expression and phosphory- showing pGS and total GS protein levels in control (n ϭ 7), PO (n ϭ 7), PO with right vagus stimulation (PO-RCV, n ϭ 7), and PO with left vagus stimulation (PO-LCV, n ϭ 3) heart extracts. Blot stained with Ponceau S (Pon.s) is shown as a protein-loading control. B and C: densitometry analysis of pGS and total GS protein band intensity for all Western blots. *P Ͻ 0.05, Con vs. all PO; #P Ͻ 0.05, PO ϩ LCV vs. PO-RCV and PO ϩ sham (by ANOVA followed by Newman-Keuls post hoc analysis). D: ratio of pGS to GS band intensities. *P Ͻ 0.05, Con vs. all PO (by ANOVA followed by Newman-Keuls post hoc analysis). lation status by PO. These changes are consistent with greater mobilization/utilization of glucose in the PO ventricle (54) . Furthermore, changes in ventricular GS expression were mitigated by LCV, but not by RCV. Autonomic neural regulation of glucose and fatty acid metabolism is widely appreciated in liver and skeletal muscle (47) in the context of "rest and digest." For instance, VNS causes a large increase in the activity of liver GS (52) . Direct neural sympathetic effects include stimulation of glycogenolysis in skeletal muscle and liver (47) . It is thus surprising that an almost total dearth of information exists concerning autonomic effects on myocardial metabolism. Our data indicate that direct neural control of heart metabolism may be profound and that VNS therapy holds the promise of exploiting metabolic regulation to effect better outcomes in intractable pathologies. While further investigation of this issue is warranted, findings concerning ventricular GS changes indicate a reordering of myocardial metabolism in response to VNS, such that the heart becomes more resistant to the pathological stress associated with PO.
Apoptosis and matrix reorganization contribute to the transition from hyperdynamic hypertrophied myocardium to heart failure (24, 29, 38) . We recently reported the efficacy of VNS to minimize the proapoptotic BAX in guinea pigs with chronic myocardial infarction (15) . By analogy, in the PO model reported here, the levels of pAkt, the active antiapoptotic form of the kinase, were significantly reduced. Importantly, chronic LCV significantly blunted this effect of PO on pAkt levels compared with PO-sham VNS. However, while chronic PO was associated with significantly more apoptotic than normal nuclei, VNS did not reduce this maladaptive response to PO stress. The difference in part may reflect differences mediated by an eccentric ventricular stressor (e.g., myocardial infarction) compared with the concentric stress imposed by PO (29, 38, 62) . It should be further recognized that many of the proteins evaluated subserve dual roles in both apoptotic and hypertrophic cardiac responses (45) . Taken together, these data suggest that modulation of cardiomyocyte proteins by VNS relates primarily to the hypertrophic response, rather than being dependent on programmed cell death.
VNS and the Autonomic Neuraxis-Cardiac Interface
Neural control of regional cardiac function is dependent on the dynamic interplay between peripheral and central reflexes (11, 12) . The peripheral reflexes involve those contained within the ICNS and within extracardiac autonomic ganglia, including the mediastinal, middle cervical, and stellate ganglia (11, 12) . Central reflex components of the cardiac nervous system include the spinal cord, brainstem, and higher centers (5, 22, 35) . Each of these processing nodes contain afferent, efferent, and neural processing neurons, the later referred to as local circuit neurons (11) . Coordination within these networks allows for effective control of regional cardiac function and the distribution of blood flow throughout the body at baseline and in Fig. 7 . Phosphorylated Akt (pAkt, active form) was decreased and proapoptotic Bcl-2-associated death promoter (BAD) protein level was significantly elevated in the PO heart. LCV partially restored pAkt and BAD protein levels to control values. A: representative Western blots probed for pAkt and pBAD proteins in control (Con), PO ϩ LCV, PO ϩ RCV, and PO ϩ sham (n ϭ 5) heart extracts. Total BAD protein levels are also shown. Ponceau S (Pon.s) staining is shown as a protein-loading control. B and C: densitometry analysis of pBAD and total BAD protein band intensity for all Western blots. *P Ͻ 0.05, PO ϩ sham vs. Con, PO ϩ LCV, and PO ϩ RCV (by ANOVA followed by Newman-Keuls post hoc analysis). D: ratio of pBAD to BAD. No significant difference was observed. E: densitometry analysis of pAkt protein level (n ϭ 4). *P Ͻ 0.05, Con vs. all PO; #P Ͻ 0.05, PO ϩ LCV vs. PO ϩ RCV and PO ϩ sham.
response to stress (11, 39, 41) . Stressors that lead to imbalances within these autonomic networks can lead to disruptions in autonomic outflows, which, in turn, can contribute to adverse remodeling of heart mechanical function and the potential for arrhythmias, including sudden cardiac death (25, 27, 40) . The autonomic imbalances, primarily afferent-driven, in turn, are associated with adverse neural remodeling in neural circuits from those on the heart up to and including higher centers up to the insular cortex (3, 30, 37, 42, 50) . Autonomic regulation therapy, of which VNS is one modality, is predicated on targeting specific processing centers to stabilize excessive reflex responses and, thereby, moderate efferent outputs (7, 19, 26, 56) .
The ICNS is the most proximal reflex processor of the cardiac nervous system (11) . It is primarily associated with short-loop coordination of regional cardiac electrical and mechanical function (11) . It consists of aggregates on ganglionated plexi that have specific spheres of influence (6, 20) . The separate aggregates maintain a degree of coordination imposed by local circuit intra-and interganglionic projections, common shared afferent inputs, and descending efferent projections (6, 13, 14, 57) . These efferent projections include sympathetic and parasympathetic efferent axons, with 1) direct connections to postganglionic somata and 2) multisynaptic inputs onto the local circuit (processing) neurons of the ICNS (14, 55, 57) . It is recognized that major interactions between sympathetic and parasympathetic efferent neuronal control are exerted at the level of the ICNS and at the end terminus of efferent projections to the heart (28, 44, 46, 51) . At least in larger animals, vagus projections to the ventricles are widespread and bilateral (9, 60) . In contrast, the sympathetic projections tend to be more unilateral (2, 10) . This difference in efferent distribution may explain in part the different efficacy of right vs. left VNS to impact the cardioneural remodeling induced by PO. Regardless, the antiadrenergic effects of VNS are likely a major contributor to the preservation of cardiac function in the setting of ischemic and nonischemic cardiac pathologies.
Cardiac pathologies remodel multiple levels of the neural hierarchy for cardiac control. With respect to heart failure, autonomic regulation is deranged, as usually reflected in sympathoexcitation with a corresponding decrease in central parasympathetic drive (25, 62) . Alterations in neurotransmitter interactions at IC somata in conjunction with alterations in synaptic processing within the ICNS are a reflection of these adaptations (17, 30, 33, 34) . This results in changes in passive and active membrane properties that underlie overall network function. The restoration of synaptic efficacy of IC neurons to "normal" is a reflection of the restraining effects that VNS can exert in peripheral networks. Several potential ionic mechanisms could underlie these neuronal responses. Indeed, several muscarinic receptor-mediated changes in ion currents, including inhibition of the M current, regulation of the delayed rectifier potassium current, inhibition of calcium currents, and enhanced intracellular calcium release, have been described in IC neurons (1, 4, 16, 48) . The downward shift in the modulator effects on IC excitability exerted by muscarinic receptors may reflect some of these changes. The specific neuromediators and neuromodulators involved in cardiac disease-induced neural remodeling and, mechanistically, how these are impacted by autonomic regulation therapy remain largely undefined and represent a critical area for future studies.
It is also critical to note that the majority of axons in a cervical vagus are afferent in nature, projecting directly to neurons in the nucleus tractus solitarius of the medulla (5, 18) . By activating such afferent axons with VNS therapy, centrally mediated reflexes target both the sympathetic and parasympathetic efferent neurons controlling the heart (8, 59) . Recent data indicate that low-level VNS can exert afferent-mediated withdrawal of centrally derived parasympathetic efferent activity (59) . Further increases in stimulus intensity recruit parasympathetic preganglionic axons with the expected suppression of regional cardiac electrical and mechanical indexes (8, 44) . We propose that the optimum therapeutic parameters for cervical VNS therapy are at the point at which afferent and efferent fibers are activated in a balanced manner, that is, when afferent-mediated decreases in central-mediated parasympathetic drive are counteracted by direct activation of the cardiac parasympathetic efferent projections to the ICNS and heart. At this point, the net result is a null HR response. We have defined this as the neural fulcrum (8) , and the studies presented here utilized this concept to establish the adequacy of the VNS protocol.
Limitations
While we were able to demonstrate functional manifestations of VNS-mediated changes in ICNS function, we did not attempt to histologically detect changes to neuronal somata. Furthermore, we did not characterize the phenotype of the IC neurons from which we recorded, nor by the techniques utilized could we distinguish between postganglionic somata and interneurons contained within the ICNS (14, 36, 48, 50) . At least in the guinea pig model, the IC neurons recorded with sharp electrodes are known to be primarily cholinergic in nature (31) . Finally, we evaluated IC neural function in explanted ganglia. These peripheral neural networks no longer have endogenous central drive or afferent feedback. Nevertheless, as demonstrated here, important aspects of active and passive membrane properties can be unraveled with such approaches. Future studies should consider the possible contribution of cardiac disease-induced changes in IC neural phenotypes and network interactions that contribute to autonomic dysautonomia associated with ischemic and nonischemic heart disease.
With respect to VNS therapy, we evaluated only one frequency (20 Hz) at a stimulus intensity where afferent-and efferent-evoked responses balanced each other, such that little or no change in HR was evoked (8) . VNS was able to engage the cardiac nervous system while minimizing the potential for rebound effects during the off-phase that accompanies an intermittent VNS protocol. Future studies should evaluate other VNS stimulus paradigms (duty cycle, frequency, intensity, and pulse width). VNS, as applied here, nonselectively activates vagal afferent fibers arising from thoracic and visceral structures (8, 18, 19) . Future studies should consider the effects of cardiac-vs. non-cardiac-related afferents in mediating central reflex effects. Finally, VNS was delivered early in the disease process. Future studies should also evaluate the efficacy of late-onset VNS and the potential of VNS to reverseremodel an already established hypertrophic state and in even later stages when the hyperdynamic compensated state is transitioning to decompensated heart failure.
Significance and Perspectives
VNS represents an emerging neuromodulation therapy for treating heart failure. Electrical stimulation of the cervical vagosympathetic truck activates ascending and descending axonal projections therein, thus having the potential to impact both central and peripheral aspects of the cardiac neuraxis to modulate cardiomyocytes. The results of this study indicate that, in animal models, the deleterious consequences of longterm PO on cardiac structure/function can be attenuated by chronic VNS therapy. This therapy acts, in part, by directly and reflexly targeting IC neurons to modify their autonomic outflow and, specifically, to counteract the sympathoexcitation induced by PO. VNS, via modulation of the neural-myocyte interface, likewise can render a state of cardioprotection in the stressed heart. This protection, in part, likely reflects induced changes in cardiomyocyte energy pathways.
